Abstract An oxalate-resistant strain of Ashbya gossypii was naturally isolated from spores grown on an oxalatecontaining medium, and its medium was optimized to improve riboflavin production. Riboflavin production by the resistant strain was three-fold higher than that by the wild-type organism when grown in flask cultures. Medium optimization increased the riboflavin production by the resistant strain to 5 g l -1 , which was five-fold higher than that obtained by the wild-type strain. The productivity was reproduced in a 3-l bioreactor. During the early growth phase, the specific activity of isocitrate lyase in the oxalateresistant strain was slightly higher than that in the wildtype strain. Proteomic analysis of the oxalate-resistant strain revealed that the expression of aldose reductase and cobalamin-independent methionine synthase decreased significantly. This is the first report that describes the natural isolation of a riboflavin producer using an antimetabolite-containing medium to enhance the riboflavin production level. This method should also be useful for improving the productivity of other bioproducts since it does not require any mutations or genetic modifications of the microorganism.
Introduction
Riboflavin (vitamin B 2 ) is an essential compound for mammals, plants, and microorganisms since it is a precursor of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), which are required as electron acceptors for oxidoreductases. In humans, riboflavin deprivation mainly induces growth retardation and various inflammations. In contrast, excessive intake of riboflavin is harmless. Therefore, this compound is added to many kinds of food and multivitamin supplements as a colorant and/or nutrient.
The filamentous hemiascomycete Ashbya gossypii was first isolated as a plant pathogen [1] and has been characterized as a natural riboflavin producer [24] . Since 1990, A. gossypii has been utilized for the industrial production of riboflavin [20] . Simultaneously, efforts have been made to improve the riboflavin productivity and develop better production media. Previously, we optimized the riboflavin production medium by using wasteactivated bleaching earth (wABE) containing 30-40 g l -1 of vegetable oils as the carbon source. This led to the production of approximately 1 g l -1 of riboflavin from the A. gossypii wild-type strain [11] . Schmidt et al. [17, 18] reported that isocitrate lyase is a key enzyme for riboflavin production when soybean oil is used as the sole carbon source and that this enzyme is strongly inhibited by oxalate or itaconate. Therefore, itaconate and oxalate are useful antimetabolites for screening riboflavin overproducers [14] .
In this study, we isolated an oxalate-resistant strain of wild-type A. gossypii by using an oxalate-containing medium as an antimetabolite. This oxalate-resistant strain was not mutated and could produce approximately threefold higher riboflavin levels than the wild-type strain. In an optimized medium, the oxalate-resistant strain produced 5 g l -1 of riboflavin. Enzymatic and proteomic analyses were performed to further characterize the oxalate-resistant strain, and the results are discussed.
Materials and methods

Strains, media, and growth conditions
A. gossypii ATCC 10895 was used as the wild-type strain (AgWT) and was grown on YD medium (pH 6.8) containing 1% (w/v) yeast extract (Oriental Yeast Co., Ltd., Tokyo, Japan) and 1% (w/v) glucose (Wako Pure Chemicals Inc., Ltd., Osaka, Japan) for sporulation and long-term storage at 4°C. YR medium (pH 6.8) containing 1% (w/v) yeast extract and 1% (w/v) rapeseed oil was used as the minimal medium for riboflavin production at a test tube scale. For riboflavin production, we used a seed medium (per liter) consisting of 30 g corn steep liquor (Wako), 9 g yeast extract, and 15 g rapeseed oil (pH 6.8). The riboflavin production medium consisted of (per liter) 60 g corn steep liquor, 30 g gelatin (Wako), 1. , and 50 g rapeseed oil (pH 6.8). YR medium (pH 6.8) containing 50 mM sodium oxalate (Wako) was used to screen oxalateresistant strains.
The flask cultures were performed in 500-ml Erlenmeyer flasks with a working volume of 50 ml of each medium. The flasks were incubated on a rotary shaker (Bio Shaker; Takasaki Inst. Co., Tokyo, Japan) at 220 rpm and 28°C. Riboflavin production was carried out in a 3-l bioreactor (Bioneer-300, Marubishi Co., Ltd., Tokyo, Japan) with a working volume of 1.5-l of production medium. The agitation and aeration rates were 600 rpm and 1 vvm, respectively. The inoculum dose in each culture was 10% (v/v).
Spore isolation and selection of an oxalate-resistant colony
A. gossypii sporulation was induced in mycelia grown on a YD agar plate at 28°C for 1 week. The collected mycelia were suspended in 0.5 ml of sterile distilled water. The cell wall was degraded by adding 0.2% (w/v) Zymolyase 20T (Seikagaku Co., Tokyo, Japan) and incubating for 30 min at 37°C with gentle agitation. The solution was centrifuged at 2,700 g for 5 min, and the pellet was suspended in 1 ml of sterile distilled water containing 0.03% Triton X-100. It was washed twice under the same conditions. The hydrophobic spores were resuspended in 0.5 ml of the same 0.03% Triton X-100 solution, followed by the addition of 0.1 ml glycerol. The spores were then stored at -80°C in a freezer until further use.
Oxalate-resistant colony isolation was carried out by plating 1 9 10 3 spores of the A. gossypii wild-type strain onto a screening medium. The plate was incubated at 28°C for 1 week, and single yellow colonies were transferred onto fresh screening medium.
Enzyme assay
A crude enzyme solution was prepared as described below. The mycelia of AgWT and oxalate-resistant strains grown in YR medium were harvested by filtration through filter paper no. 5A (Advantec, Tokyo, Japan). One gram of wet mycelia was suspended in 5 ml of cooled buffer containing 50 mM imidazole/HCl buffer (pH 7.5), 10 mM KCl, 1 mM EDTA, 5 mM MgSO 4 , 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 30% (v/v) glycerol. The mycelia were sonicated three times at 40 W for 30 s with 1-min intervals on ice using an ultrasonicator (Sonics and Materials Inc., Newtown, CT). The resulting homogenate was centrifuged at 14,000 g for 30 min at 4°C, and the supernatant was used for the enzyme assay.
The isocitrate lyase (ICL1) activity was measured according to the method described by Schmidt et al. [17] . The enzyme assay was carried out in a final volume of 1 ml containing 25 mM imidazole/HCl buffer (pH 7.0), 4 mM phenylhydrazine hydrochloride (Wako), 4 mM threo-DLisocitrate (Sigma-Aldrich Co., St. Louis, MO), 5 mM MgCl 2 , 1 mM EDTA, 5 mM DTT, and crude enzyme solution. The reaction was initiated by adding isocitrate at 30°C. Formation of glyoxylate phenylhydrazone was measured by recording the absorbance at 324 nm (e = 14,630 M -1 cm -1 ). One unit of enzyme activity was defined as the amount of enzyme required to form 1 lmol of glyoxylate phenylhydrazone per min. The total protein concentration was determined by the Bradford method using a protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA) with bovine serum albumin (Sigma) as the standard.
Optimization of the riboflavin production medium
The production medium was optimized using the two-level and three-level factor (Box-Behnken) designs. Important factors in riboflavin production were extracted by the twolevel factor design. The extracted components were optimized by the Box-Behnken design. Statistical analysis was performed with STATISTICA (StatSoft, Inc., Tulsa, OK), and the regression of the parameters was solved by Mathcad 2001 Professional (Mathsoft Engineering and Education, Inc., Cambridge, MA).
Proteome analysis
The AgWT and oxalate-resistant strains were grown in gelatin-containing riboflavin production medium in 500-ml Erlenmeyer flasks at 28°C for 4 days. The mycelia were harvested, washed twice with sterile distilled water, and suspended in 50 mM potassium phosphate buffer (pH 6.0). Subsequently, the mycelia were sonicated on ice five times at 40 W for 30 s with 1-min intervals using an ultrasonicator (Sonics and Materials) to release the intracellular soluble proteins. The sample was centrifuged at 20,000 g and 4°C for 5 min, and the supernatant containing the soluble proteins was used for two-dimensional electrophoresis proteome analysis (performed at Shimadzu Techno-Research Inc., Kyoto, Japan).
Analytical methods
The riboflavin and residual oil concentrations were measured according to the method described by Park and Ming [13] . The dry cell weight was measured as follows: the mycelia from the culture broth were harvested using filter paper no. 5A (Advantec). The mycelia paste was dried overnight in an oven at 105°C, and the difference in the weights was calculated and expressed as the dry cell weight in g l -1 .
Results
Isolation of an oxalate-resistant A. gossypii strain and its riboflavin production An oxalate-resistant riboflavin overproducer was isolated from AgWT spores using 50 mM of oxalate as the antimetabolite. One colony from approximately 50,000 spores showed an intense yellowish color. This was isolated and designated as the oxalate-resistant strain (AgOXA50). Most of the other colonies grown on the oxalate-containing medium were white (data not shown).
The resistance of the AgOXA50 strain to oxalate was investigated by growing the strain on a rotary shaker for 5 days on YR medium containing 0 or 50 mM of oxalate. In the case of the AgWT strain, the addition of 50 mM oxalate resulted in a reduction in both the maximum riboflavin concentration and riboflavin yield (Y p/x ) by 95 and 88%, respectively (Table 1) . On the other hand, the riboflavin concentration of AgOXA50 in the absence of oxalate was lower than that of the AgWT strain, but it in the presence of oxalate was 7.4-fold to that of the AgWT strain. When the oxalate-containing medium was used, the dry cell weight of the AgWT strain decreased 59%, while that of the AgOXA50 strain was not influenced by oxalate addition. The cellular riboflavin yield (Y p/x ) increased to approximately three times that of the AgWT strain. These results indicate that the AgOXA50 strain was certainly resistant to oxalate.
The AgOXA50 strain was cultured in shake flasks on production medium without oxalate. The riboflavin concentration of the AgOXA50 strain was 3.6 g l -1 , which was approximately three-fold higher than that of AgWT (Fig. 1) . Moreover, the maximum riboflavin production rate of the AgOXA50 strain was 1.40 g l -1 d -1 , which was approximately four-fold higher than that of the wild-type strain (0.36 g l
. This result suggests that the naturally isolated oxalate-resistant strain can be used as a potential riboflavin overproducer.
Characterization of the AgOXA50 strain: isocitrate lyase assay and proteome analysis
The isocitrate lyase activity of the AgOXA50 strain on the 1st culture day was slightly higher than that of AgWT, but there were no significant differences between the AgWT and AgOXA50 strains (Fig. 2) .
Subsequently, proteomic analysis was carried out to analyze the high riboflavin productivity of the AgOXA50 strain. Three spots were identified that corresponded to cobalamin-independent methionine synthase and another Table 1 Comparison of the riboflavin production levels of the AgWT and AgOXA50 strains on YR medium with and without oxalate
Strain
AgWT AgOXA50
Oxalate concentration (mM) 0 50 0 50
Maximum riboflavin concentration (mg l was identified as aldose reductase ( Table 2 ). The expression level of these proteins in the AgOXA50 strain was sixfold lower than the corresponding levels in AgWT. On the other hand, BLAST analysis of the Ashbya gossypii sequence (http://ashbya.genome.duke.edu/) revealed only one spot that had a six-fold higher expression level and did not match with any A. gossypii proteins [4] .
Optimization of the medium for the AgOXA50 strain
The two-level factor design experiment identified the effective factors in the riboflavin production medium as being corn steep liquor, rapeseed oil, and glycine. Subsequently, the optimized concentrations of the three above-mentioned components were determined using the Box-Behnken design ( Table 3 ). The combined effects of the three nutrients on the riboflavin concentration are shown in Fig. 3 . The corn steep liquor concentration in the medium was optimized in the range of 55-65 g l -1 , but rapeseed oil was not involved in the riboflavin production (Fig. 3a) . The glycine concentration was optimized to less than 10 g l -1
( Fig. 3b, c) , in spite of glycine being a direct precursor of riboflavin in A. gossypii [12] . The following regression equation for the three nutrients (X, rapeseed oil; Y, corn steep liquor; Z, glycine; each unit is expressed in g l -1 ) was obtained:
The optimized concentrations of corn steep liquor, rapeseed oil, and glycine were determined to be 62.3, 100, and 4.0 g l -1 . The other medium components were 1. . In a flask culture of the AgOXA50 strain, the riboflavin concentration was 4.9 g l -1 , which was close to the theoretically expected concentration. Since gelatin was excluded from the optimized medium, the glycine concentration in the region from 0 to 4 g l -1 was reoptimized and determined to be 3 g l -1 . Without the addition of glycine, the riboflavin concentration was only 1.2 g l -1 , but increased with the increase of glycine concentration (data not shown). The optimized glycine concentration was decided to be 3 g l -1 . Using this optimized medium, the riboflavin concentration increased to 5.2 g l -1 . Interestingly, when the optimized medium without gelatin was used to culture the AgOXA50 strain, the riboflavin production improved and was approximately 40% higher than that obtained (3.6 g l -1 of riboflavin concentration) in the conventional gelatin-containing medium (data not shown).
Riboflavin production using the AgOXA50 strain was carried out in a 3-l scale bioreactor using the optimized production medium. The riboflavin concentration in the AgOXA50 culture was 4.4 g l -1 (Fig. 4) . Use of the optimized medium with the AgWT strain led to an approximately two-fold higher riboflavin production level than that obtained with the conventional gelatin-containing medium. ) Fig. 1 Comparison of the riboflavin production by the wild-type strain (AgWT; open rhombuses) and oxalate-resistant strain (AgOXA50; closed circles) in a gelatin-containing riboflavin production medium. The cultivations were carried out in a 500-ml Erlenmeyer flask with a working volume of 50 ml. Both strains were cultured for 7 days in triplicates. The error bars indicate the standard deviation Culture time (d) ICL1 specific activity (U mg -1 protein) Fig. 2 Comparison of the specific isocitrate lyase activities of the AgWT (opened bars) and AgOXA50 (slanted bars) strains. Both strains were cultured for 4 days in a 500-ml Erlenmeyer flask with 50 ml of YR medium. The experiments were performed in triplicate. The error bars indicate the standard deviation
Discussion
Spore isolation is an effective method for screening strains with desirable traits from multinucleate microorganisms. In this study, a natural oxalate-resistant A. gossypii strain (AgOXA50) was successfully obtained by single colony isolation using an antimetabolite-containing medium. Oxalate is a C-2 compound with two symmetrical carboxyl residues and is produced from glyoxylate by glyoxylate oxidase. It is one of the strongest inhibitors of isocitrate lyase in A. gossypii [18] . Itaconate, which has been mainly used as an antimetabolite for screening riboflavin overproducers [14, 18] , also has two carboxyl residues, but the mode of inhibition differs from that of oxalate. The isocitrate lyase from the resistant strains may exhibit higher activity and/or substrate specificity than the corresponding enzyme from the wild-type strain due to differences in their mode of inhibition. The activity in the AgOXA50 strain was similar to that in the wild-type strain, while the activity of itaconate-resistant A. gossypii was approximately three-fold higher than that in the wild-type strain [23] . This suggests that the AgOXA50 strain is required to precisely investigate the substrate specificity of isocitrate lyase.
Riboflavin production by the AgOXA50 strain was approximately three-fold higher than that by the AgWT strain on a gelatin-containing riboflavin production medium (Fig. 1) . Proteomic analysis revealed that the expression of cobalamin-independent methionine synthase and aldose reductase was significantly decreased (Table 2) . Methionine synthase catalyses the formation of methionine by transferring a methyl group from methyltetrahydrofolate to homocysteine without using cobalamin (vitamin B 12 ) as a cofactor. To investigate the results from proteomic analysis, cobalamin-independent methionine synthase was disrupted in the AgWT strain. The growth curve of the disruptant was similar to that of the AgOXA50 strain with little improvement in the riboflavin production in comparison to the AgWT strain (data not shown). Garcia et al. [6] reported that a reduction in the expression level of methionine synthase affected fungal growth and/or morphological alterations due to changes in the intracellular amount of S-adenosylmethionine in Mucor racemosus. Another enzyme, aldose reductase, a member of the aldo/ keto reductase family, catalyses the first step of xylose metabolism in which glucose is converted to sorbitol. In mammalian cells and the yeast Saccharomyces cerevisiae, an increase in the transcriptional level and activity of aldose reductase are induced by hyperosmolarity stress, resulting in elevated intracellular levels of sorbitol, which is an osmolyte [2, 5] . The osmotic phenotypes showed little change in comparison to the AgWT and AgOXA50 strains grown on a hyperosmolarity stress plate medium (data not shown). Cobalamin-independent methionine synthase 59 2.7e-034 14-fold decrease
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Not matched --6.1-fold increase a Both strains were grown in flask cultures on a riboflavin production medium for 4 days b The selected spots had an expression level that differed by more than six-fold between the two strains )
To improve the riboflavin production levels in the AgOXA50 strain, we redesigned the medium for riboflavin production by using experimental designs.
The Box-Behnken design increased the corn steep liquor concentration and decreased the glycine concentration to enhance riboflavin production (Table 3) . Although glycine contributes directly to riboflavin biosynthesis [15] , the AgOXA50 strain did not require high amounts of the precursor (Fig. 3b, c) . It seems that the AgOXA50 strain acquired the ability to accumulate glycine intracellularly, similar to the overexpression of threonine aldolase and/or suppressed expression of serine hydroxymethyltransferase, enzymes that catalyze the biosynthesis of glycine from threonine and serine from glycine, respectively [12, 16] .
The optimal medium composition for riboflavin production by the AgOXA50 strain was determined, and more than 5 g l -1 of riboflavin was produced, which was approximately five-fold higher than the amount produced by AgWT. Gelatin was excluded in the newly designed optimized medium. Gelatin, which is an abundant nitrogen source from animals, can empirically induce dramatic hyphal growth in A. gossypii during the initial stages of culture. However, plant-derived medium components are required for the industrial production of useful bioproducts. Removal of expensive gelatin from the optimized medium also helps in reducing the operation costs Table 4 .
With the progress of strain improvement, riboflavin production as high as 1,015 g l -1 has been reached [3] . The microbial production of riboflavin was reviewed in Lim et al. Culture time (d) Riboflavin concentration (g l -1 ) Fig. 4 Comparison of riboflavin production in the AgWT and AgOXA50 strains in a 3-l bioreactor. The AgWT strain was cultured on a gelatin-containing medium (closed rhombuses) and an optimized medium (opened rhombuses). The AgOXA50 strain was cultured on the optimized medium (closed circles) [10] . Recently, A. gossypii has been applied to biorefinery of waste activate bleaching earth (ABE) for riboflavin production. Conventional mutation using itaconate as an antimetabolite was adopted to improve riboflavin productivity, resulting in an eight-fold increase compared to wildtype strain [9, 13] . However, sometimes these mutants are unstable in riboflavin productivity. UV-induced mutants lost the riboflavin-producing ability within 2 years (data not shown). Therefore, this study tried to isolate the riboflavin overproducer by means of the natural screening using oxalate as antimetabolite. The oxalate-resistant AgOXA50 strain was stable for riboflavin production for more than 2 years. If a fed-bed culture of this AgOXA50 strain was adopted, a riboflavin yield of more than 5 g l -1
would be reached. From the metabolic viewpoint of riboflavin overproduction, many researchers have investigated the effect of key enzymes on riboflavin production, such as threonine aldolase [12] , alanine: glyoxylate aminotransferase [9] , phosphoribosyl pyrophosphate amidotransfersase [7] , and malate synthase [21] . On the other hand, when serine hydroxymethyl transferase was disrupted, the riboflavin yield also increased ten-fold [16] . With the progress of these metabolic, biosynthetic, and genetic developments, the 8-10 days of long culture time will be shortened, resulting in improving riboflavin productivity.
In this study, oxalate was used to isolate a riboflavin overproducer of Ashbya gossypii. The oxalate-resistant strain did not require expensive gelatin as the nitrogen source, and it could be replaced by the cheaper plantderived corn steep liquor. This kind of natural isolation with a plant-derived production medium may lead to the development of an industrialized strain that would be a non-genetically modified organism.
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